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Abstract

7’}lC dCVdOJHllC7Lt.  Or a lJ1’0TL71d  C07Lt10i  St(Lti071  jOT’

Mzrth  based control of the l)cztcrous Orbital  Scrvicin,g
SystcnL (110SS) is dcscrikd. ~’he DOSS flight test pTv -

gIYLIn provides a ~rmflipu[ator  W}LiC/L  is nlountcd o n  a
laulti-~iwposc  czpcrimcnt  support  St7WCt7L7’C  (MI’ESS)
in (L SIMLCC  shuttle  payload bay and may Crxcuk? tasks
from  thC A!I’JLSS  Or whik h e l d  by the SSRMS mcl-
nipulator. l’hc 110SS will de7nonstratc  t h e  ability t o
pcIforIIL dmtcrous  7obotic operations both from an on-
board control statio?l and j70m an Earth-based control
station. 7’}Lc initial pototypc  ground control  slation  for
DOSS is dcscr-ihcd.

1, Illtl’oduction

!l’hc ])cxterous  Orbital Servicing System  (1)0SS)
flight. test I)rmgram  is Leillg dcvclopccl by NASA to ver-
ify the ability to utilim telmobotics for sm vicing Space
Station Alpha [1]. ‘J’hc systcnn will IN dcwclopcd  as
a class 11 ~]ayload  and could bc laullchcd  ill tllc Fall
of 1996.  II] coordinatio]l  wi th  the  1)0SS fli,ght test
l)rograln,  NASA initiated tllc Grou]id Control Station
for DOSS task  in fiscal year 1994 to CICVCIOII  a tclcr-
ohotics  control  station for commanding space robots
from Earth, with focus on tile 1.)0SS application. ‘J’his
pa])cr briefly rcvicxvs  the 1)0SS prc,gram a]ld thcm dc-
scritm the CTrou  ILd C,olltrol Station dcvelol)mcllt.

‘J’hc 1)0SS llro.gra~n is bciug  develolwd by a team
of tllrcw N A S A  miters, Jo1)JMo1l Space  Ccmtcr, I,an-
glcy Research Center atld Jet I’rol)ulsiou  I,aboratory,
and Mar’tiu hfarrictta Astro]lautics  as cxlmrt  contrac-
tor.  JSC  provides tllc project managcmmlt  and is rc-
sI)onsiblc for the forlnal  Orbiter ilitcgratiol[  process.
Martin Marrictta Astro~iautics  (MMA) will develop the
]Ilajoritjy  of tllc flight systmns, including tllc flight ma-
llipulato~,  flight avio]lics a~ld tllc aft flight deck com-
lllalld and dislJlay systclus.  MMA wi l l  deliver  tile ill-
tqgratml  payload bay Clmucl]ts to Kclllledy  Space CcII-
tcr for i]ltegratioll  ilito the Orbiter. ljal@ey Rcxwarch

],illll  ]’}lil Jl
SoIIal{  III(Y)] ~mrated
IIevcrly  }Iills,  California

CmLtel will IJrovide tllf }Iyd]  aulic  hlalli~)ulator  ‘1’csthd
(} IM’J’11),  a hydraulic 1)0SS si]nulatorl  for software
tests, t ask ~)allel c}lmk-outs, and flig}lt crew training,
Jet l’rol)ulsio~]  I,almr:ito~y  will develo])  all i[ltcgrated
grouIld cmltrol  statiol[  that will serve as an cngiucwr-
illg tl~(ldcl o f  a  l’ayload  Opcratio)ls  Control  C, CU’LU’
(1’0(20.  ‘1’hc gmu]id co]]trol station will l)rovidc real-
time video, g] aphics  a]ld l)redictivc  displays, off-line
task squenci)ig  and vmification,  autonomous control
colrimalld  gmlc] atio]l,  a~ld high rate telemetry feedback
and display. g’lle g] oulld control  station will be tcstecl
via rmlote olmratiou  of tllc II M’J’11 at I,altC from J1’1,,
slid  will be dclivclcd  to .JSC for integration into tile
flight 1’OCC.

1.1. Mission ol>jcctivm

TIIe 1)0SS  has three primary program mission
objectives: risk lilitip,atiol~, demolwtratiou  of telcr-
obotics  wi an operational tool, and tec]lnology  testhd.
‘lHerollotic  ~llailltmlallcc is  rquimd  for Illter]latiollal
Space  Station All)lla (ISSA) and  both grouud-’mmd
aud allfl Station-based control of extcrmal manipulators
is ldan]lcd.  Sillcc ]io other fli.gilt tests of tclerobotics
systems arc plall]lcd ]Jliol to olmration  OIL ISSA, the
DOSS flight test plovides  risk ~nitigation  by dmnon-
stratinr, the tccllno]ogics  and finding  problems early so
that they call be CO1 rcctcd  prior to ol)eration  01[ ISSA.
Grouud  control  tccllllc)]ogics w h i c h  ]nay be dcmoli-
stratcxl  itlclude  mllot,c  control  w i t h  tilnc delay, sccnc
calibrat  io~l, safety assllraTlce, and task comma]lcl  se-
qucllce  ~elieratiol~, vm ificatioll,  and execution. DOSS
will vc~ ify mmhauica]  i~itcrfaccs and oImatioual  sce-
narios including 01 bital ‘J’c)ol Changcout  Mechanisla,
Orbital Rq)lacctaeut LJllit (ORU)  and  tools iutcrfacest
ORIJ cllallgeout  tasks,  a l ignment,  mating,  and dc-
mating tasks, ins])ectio]l a~ld verification tasks, and
IVA oxi-  orbit co]lt rol. 1 )0SS will del]lonstratc dexter-
ous te]erobotics  :is a vial)lc ol)eratiollal  tool for future
Shuttle opcratio]ls.  ‘1’elerol)otics  ~nay ~)rovidc  au altcr-
uative  to SC)HIC  lmyloa(l nlecllallisll}  redundancies, and
provide and alternative to astro~laut  EVA eitllcr  for se-
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Iwt(’(1 (’11( 1-toclt(] t;tsl;s or for  IIVA q(li~)ln(,llt, sctlll)
all[l Stmvag(’ to 1( ’(111 (’(’ tll(’ alllou Ilt of 1’; VA astroIlaut

ti]ll(’.

‘1’11(’ tc’(l)llical Itlissioll ol,jcctives  sltl)}mrt tllc l)lo-
gralll IIlissioll ol~jcctives, ‘1’]lc  utility of telcmhotics
for Cxrcutio]l of realistic oll-orljit  o})cratio]ls  will be
{lc’lllc)llstri~tt’<1. ‘1’lIc IIlallil)ulator  dcsigll wld On-ort)it
t a s k  ])crforl]la[lce will be m]alymd  to ilnl)rovc future
space  telerobotic systel[ls. All aft flight deck worksta-
tion wi l l  be dcvclo]xxl  for o]l-orbit  telcolmratioll  with
f~lt UN ability to accej)t  co]nmands  fro]n a .groulld-based
control  station. Coln]mrisolls  of ground  lmscxl silnula-
tiolls  wit]]  flight data will be used to illcreasc  tllc fidelity
of {;roulld based silllulations,

1.2. l’lx]~crinlm]t, 1 IardwaIT  and (Risks

~’lle 1)0SS fligilt systcvn h:Lrdwarc  colnponellts  ill-
cludc a lJayload Lay element  and all Aft F l i g h t  I)N+
(Al’]))  Workstatio]l  chnel(t. Tl,c p a y l o a d  bay de-
mcwt inc]udcs  tllc ~nalli]~ulator  a.vio~lics, cameras, task
])allel, and a Multi-]  )urlmsc ItxIxxilncnt  Sup])ort  Struc-
ture (MI’ESS).  ‘iThe task ])anel  illcludcs  four cliffcrent
protofligllt  unit  S])acc Station Oltlls which will be usec]
f o r  S])acw Statiou ty~m ORIJ tassks.  ‘1’hcse ORIJs  rcp
resent  85 ]mrccmt  of the ISSA rc)bot-co]n~)atible OR~Js.
‘1’IIC 1)OSS body  will have two camera  a]ld light suli-
asscmldicxs  with pan/tilt cal)ability.  ‘J’llc AH) Worksta-
tion includes  a  ~)ortable color comI)utcr,  clisl)lay soft-
ware., llallclcc)lltrollc:~s,  al~d powm and data i[ltcrfaccs,

‘1’hc  Grou]ld Ch]ltrol  Station (GCS) will  be in a
P a y l o a d  O1wratiolls  Control  Cklltc.r at JSfG  al~cl wil l
comlnunicatc  with the flight 1)0SS  system via ‘1’1)1{SS
satellite col]llllllllicatiolls.

1’lLc t~~ks to lw perfor~nec]  duri~lg the mission fall
into tivc squmtial  stages: il~itiali~,atio]~ and check-
out, fixccl base  O]) CI~LtjOIIS  and characterization, SRMS.
based  dyllalnics  cvalu:itioll, Sl{MS-lJascd c)~mrations,
al]d stowage a]ld dq)loynlent.  luitializatio)i and check-
out will verify that 1)0SS is worki]lg ]Jro]mly  and pre-
pare for the subscqum)t  stages. The  fixed-base opcr-
atio)ls  and characterizations stage will illcludc  tasks
w h e r e  the Inanipulator base is fixed to the MI’ESS.
I’asks will i]lcludc OltlJ targc.tillg,  gra})ple,  removal,
aIId  iwmrt  ion. III tile SltMS-based cl.vna~nics  evaluation
stage,  the 1)0SS  manipulator will be picked u1) by tile
Sljace Shuttle Rmllotc  Manil)lllator  Systmn.  ‘1’hc 1)0SS
lllaliil)ulatc)r  will tllell bc comlnallded  to move through
a series of autollolnous  lnotiol~s to provide (iata for dy -
na]nics charactcriy,atioll  of the co)tll)ou]ld  ]Ilallil)u]ator

Ground Cmtrol Stallon

u:,,=,=..=.: .:.:.:Ly+_,*,_3rJGrourd  Cxmlrol  St.llon Commu”kmihm

F i g u r e  1 :  C;rou]ld Cmltrol  Station Arc}litccture  f o r
1)0ss

SySt CIII. III the S]{hf$lm.sc(]  O]mrations stage, a sul)sct
of the fixml-lmsc tasks will be ~)crforlncd for compari-
SOII  with tllc fixed-l)aw, o])eratioll  rmults. The stowage
and clc])loymcnt  stage illcludm  ])laci~]g the DOSS ma-
nil)ulat{m Lack o]l tllc M1’FXS.  Additionally, there may
also in(lude  docki]lg of tllc MI’NSS  011 tile Mir space
station slid IVA trallsfm  of the Alrl)  elmncmts  to Mir.
I’lic Gl(Iulld Colltro]  Slatioll  is being dcwelopcx] to pro-
vide th[ ability to coullllalld  the 1)OSS system from the
ground for the valious  stages of the flight program. The
comrnallcls  fronl the GCS IIlay  go dirmtly to tllc DOSS
control systcm  or to tllc 1)0SS cor)trol systcm  via t]lc
Al’]) M’orkstatioll.

2 .  The GCS Arcllitmtme

lh~ Grou~Id  (hnl,l  o] Statioli  arcllitccturc is shown
iu figur(  1. q’lle architecture is sc~)aratcd iuto the lo-
cal site, wllicll is tllc  Grou]]d  Control  Station, and the
remote  site  which is tllc sl~acc Last’d DOSS system.
The  fun, tiollality of tllc GCS is scl)aratwl  i]lto scwcral
groups ,  I!ach of w]licll could IN il]l])lclnc~ltc(]  as a sqk

aratc l)]{ )cess.  ‘J’lLe Gtollll(l Co[ltrol  St atioll  is all e\’o-
lutim of prior grolllld colitrol  technology  dcvclopmmit
activitie [2].
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‘1’11[’  S(’(~11(’tl(’(’l’  ~(’ll(>lilt(’S all(l S(>(lll(’ll(’(’S  ta.$k ])1’()-

~liLlll  S. ‘J’llis  i s  S(’])ilYilt(’(1  ilito ‘1’ask 1’rogralI)  Gel)er-

iitioll illl(l ‘] ’:\Sk ~’10glillll SC(lll(’ll Cill.g. ‘] ‘ask ] ‘10~1’:illl

GelL(,ratioll il-llOWrS tll~ O]) Clat Ol to (’lCiLt(’  ])1’Ogralll  COIll-

IIIali(ls  I)y sclectitlg  CO III II IaII(l S aIId slx’cifyilg,  apl)rc)-
])riate  l)iiIZilIl(>t(’IS.  COIlllllaIl(l ])ara,lllCtCIS call })C S~)CC-

ifiml ill tllc graI)llical  silllulaticm  cllviroulucnt  or f r o m
all al)])rol)riat,e  list of ~mrallletcrs  for a colnmaud.  F’or
cxatll~)le,  for a MOV14; Com]nalld}  the operator tells  the
systc[ll what, fralnc  (e.g., cncl cflict,c)r  or a gras~)cxl tool)
to nlovc to w]lat ]ocatioll  (e.g., a II:L]idle of all Electro-
nics OJ{lJ). ‘l’tic objective is to I]rcwidc: a sirilplc way of
writilig  i~ldividual  co]mna]lds  with a ])redofined  syntax.
I’he olmator s}mifies  Ilulnmic and sylnbolic  l)arame-
tms  from existing informatlioll  either frolll a list or from
iliteractiou  ill t}le gra])llical  c]]viron]ncmt.  A u  illtcrac-
tivc pallcl is l)rovidwl for each command  to aid the op-
orator  ia generat ing a  cmnlnalid.  1’lIc g’ask I’rogram
Sequencing module ~)rovides both task ~)rogram edit-
ing and scque]tcillg. ‘1’lLc olmrator  can cllallgc,  delete,
al~d add task ~)rograul  co]tllna]lds.  I“or example,  the
operator cau add a ucw MOVF,  coln~nalld  to all exist-
ing prograln  by f i rs t  using the MOVF; panel  and tliml
ilmrtiug tlic IICW colllmalld  at the desird  location ill
tllc task ~mograltl.

‘Jhsk  I)rograyns  are executed by scqucvlcing  each
line of the task program ancl issuing co~llmands bot}l
to the remote site and local site  for cxecutiou.  ‘1’hc  lo-
cal site cxccutiol]  ])rovidcs the itlterfacc,  disldays  and
analysis  s~mcific to the commaud  cxecutillg  at the re-
Inote site.  ‘l’ask comlnatlds  can be sent  i~ldividually or
a wlio]c task I)rogralll call bc smlt for executio]l  at oxlc
time.

‘1’lLc (lbscrver  provides tile local site interface to
the ol~crator slmcific to the eommalld  executing at the
remote site.  ‘J’hc IJocal  {bmmald  Scquc]lcc Execution
receives tl[e local commands froln the Sequcmccr  and
geucrates  the dis~)lays aud analysis associated with tile
rmr)ote  site commauds.  l’lle  l)isp]ays  arc the disl)lays
for the currcllt  co]nma~ld  and the Analysis arc  the local
site analysis and nlo~iitoring  that is clollc for the cur-
rcllt colnlnalld.  For examl)lc,  if a command requires the
arm to contact all mlvirollmcult and thus force control
is activated, this module  will automatically open a wiu-
dow to Clisl)lay tile force/torcluc information. Silllilarly,
if t)lc commaud  is to lmrfc)rln  au insl)ectiou  task, this
Inodule will o]mu a sj)cc.ial ixlspcctiou wi]ldow to show
the results. A fulictiollality  to met system state back
to a l)revious state is illcorl)orated  so that l)artially
successful silnulatioll  results cau IW retained  aud ouly
those ste]ni Ilcedillg Illodificatiolls  arc rcprogram~lled

aIIfl si][)lllat(~(l,

‘1’lic  Kllou”l(dp,e  l\ilSt’ I)mvidc’s  itlforlllatioll  011 the
ol)ject>. ilL tile  (’llvilo]llt]c’lit, task ilLforlllatioll sucl[  as
:i])l)ro]lriatc tools fol tasks OIL s])c(.ific objects, cal[lcra
c]iarac!cr  istics,  ali(l Stiitll S of tile relnote  site.  l’ask pro-
gra]ns Illay have sy~)ll)oli(  data. WILe]i  col[imallds  are
cxccut(d, tile syllLlmli( ]mrallleters  ale replaced l)y Jlu-
nlcric  ill forlnatioll  frolll tllc Knmvledgc llasc~.

‘1’lic N’lodelcr })rovides lnodelillg  a]ld calibration of
tile ln~dels to t l]C real crivimllll)ellt,  ‘J’hc Calibration il]-
cludcs video calil)l fit ion as discussed below.  ‘J’he l{ell-
dcrer  l)rovidcs relidcrilLg of a gra~)llical re])rcscxLtatioll
o f  tlic rcvnotc  sccIIe. ‘1’lLC Silnulator  ~)rovidcs  a siluu-
latio~l of the renlotc  site ilLcluding task cxccutioll,  cly -
IIalnics  and illtcractioli  with the remote  ellvironlnmlt.

‘1’IIc ~o~llllll]llict{tioll l)rovides colnllluuication  with
the rmaotc  site. Si]icc difl’cmmt  rmnotc  sites  will have
spccifi(  ilIterfacc  Specifications, both for communica-
tion a]ld for conilnalld  formats, this module  is specific
to a p: Lrticulal rcnllc,te site. ]Ilformation  is translated
both  \vl]cN selldillg and rccciviug  data to intcxface the
local altd remote  sites.

3 .  Coordinalml  lkactive  Scclucncing

It is dcsimd  to be al)lc to sc]ld branchi]lg  commaud
scxlucviccs t o  tile Icnliote  system  for cxecutioll.  q’llcsc
brallcl,i~lg  scquwlces  :irc cxluivalclLt to state transition
dia.gra~ns  with colnlna]lds  a.s ]Iodcs. Sillcc the actual se-
clucuct of comlnallds  t]l~lt will be executed is ]Iot known
when the brallchilig  scque]ice  is smlt to the remote site,
the mnote site needs to illforln the local site of com-
mand  lesults and bxallching. Sil[cc specific local site
aualysis  and disl)lays  arc clone for slwcific remote  s i t e
COIll  IlliLlldS, thC ]OCC?I]  Sit(! I[lUSt haV(! a  COIIC!S~JOIld@

bl  allcl,illg scc~uc]lcc tliat is followed as iuformcxl by the
rcmot~ site, q’his  is sllow~lL  iu figure 2. ~’he local and
rculot~’ sites have co] Iesj)onclillg  branchiug  sequences,
}Jllt t])C COIlt(21)tS O f  t]l~  S])(!CifiC  COllllllallCIS  alC! dlflCl’-
cmt fo] local and Imllote  sites. Each local aucl remote
site colnlnaucl call geliclate multil)lc  subcommaucls  and
actions  as iul])licd ill the figure.

4. System Illl])l[!]~lelltatioi~  S t a t u s

1’lIc Ground  (kllltrol  Statioll now lias various ca-
pal)ilit ics sul)l)oltillg  task sequcnciu.g, silnulation,  aud
calibr:ltiou.  ‘I”he target a~)]jlication  for 1994 was a re-
mote ~ddy culrmlt  scrlsor i~ls]wction task. The  various
technologies wcle develo]ml  to a level to dmno~lstratc
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F’igure  2: I,ocal-remote ccmrdillated  reactive  scquellc-
illg

tliis task; the systcll]  will
co]nillg  year.  All opcratm
Ure 3. ‘J’llc G(X Opc!latol
figur(!  4.

be further cllllaliced  ill the
at tllc GCS is showxi ill fig-
illtcrface  scrcxm is shown  ill

4.1.  Task l’rogrmnming  Language

A lauguagc  has km developed for task I)rograms
which is called the Sl)acc Ilobotics IJanguagc  (SRI.).
SRI, is au cxtw~sion  of tlw Tool Commanc] l,ang,uage
(Tel) [3]. S1/1, is the dcfi~lition of a dictionary and
syntax for spccifyin.g  colnmallds  to remote robots. All
il~ll)lel~)clltatioll of SRIJ col]sists  of l)roccc]urcs  for each
SRI, co~nlnalld  that lnay clo ally or all of tllrcc  things:
access the Knowledge IIasc  to bind data s~wcificatiotls
to a level al)propriat,e  for the particular remote site,
tramlatc the comllland  i~lto o]lc or Illorc relllotc  s i t e
specific commaltds,  and sc]lcl those  comlnallds  t o  tllc
rcnnote  robot  or si]nulatioll.  ‘J’lw currmt implementa-
tion of S1{1, consists  of proccclurcs  for colnlnands  ]lcc-
essary  to perform all eddy curmlt ills) mction task, as
descr ibed tmlow. ‘J’}Ic ~)roccdures am iln~)lcmlcmtwl  us-
ing Tc1, themfom  the translator is a ‘l’cl ilitcll)reter that
IIas tile ],roccdurcs  for a particular rmnote  site loaded.

“1’hc  syntax  of SRI,  borrows froln Tel, but diffcms
iu two ways tl~at arc  sig,llific.ant for i)]l~)lclllclltatioll  and
malw the collllllallds  lnorc easily understood byal~ op-

erator. First ,  WC want a sylnl]olic  rcy)rcscntation  c)f
data  that  does ]lot rcquim  the use of tile ‘J’cl “$vari-
ablc” syutax  t o  acc,css. Scxond, wc want command
C]aUSCX  W]liCh IIlay l)C’  COI[lIlla  IldS thCIOSdVWi, t)Ut WhiCh

do IIot require  the ~’cl “[command]” syntax  to execute.
‘J’o accoln~)lisll botl[ requircvilclltsj  S1{1,  l)roccdurcs  in-
ter})rct tllcir  argulnel~ts  in a geuera]  f[Lshioli. First they
chccti to see if the argulllcnts  givcu I]lovidc the coln-

F’igure  3: ‘1’lIc grou II(l colttlol statiou

lnalld  data ill tllc collect IIulnerical  for~ll. If not, they
th[!n  clumy illc Kllolvledgc l)zw for the data using the
argulllents  as Sylnbolic  idclltiflcrs. If tllc KNowlcclge
I\asc  d0C5 IIot ILavf, (Iilta for tllc slwcified sylobOl, then
the p~c)cedurc will rcturll  al} error. If tile data is found,
the pl (]ccdurc re]Jlov(w  the data frolo the argument list
and tllml ~]asscs tl(c I cti!aillillg  argumcvlts  to tllc illter-
prctel as a~lotllcr  colllloa]ld.  I]ecausc  tllc translator is
a Tcl illtcrprcterj tlic ‘J’cl sy~ltax forlns arc still valid.
P]allll(d  (lCVC]Ol)Ill(Wt  W’i]l COllStI’ailI taSk ~)lOglaIllS tO

(rely S1{1, syutax.

OJtcc t h e  d a t a  f o r  a  sl)cciflc co~]ll]lancl IIas bcell
found, the S1{1,  l,rocedul  c translates sad/or sends the
co]iilnand.  ‘1’ralls]atillp, t}lc! SItI,  comnlalld  consists of
dctrrl[)illillg  wllicll Knllote site colnlna]lcl  or colnlna]~ds
are l]cc~’ssary and lllal)~)illg  the S1{1, data sl)ccificatio~l
to the for~n al)l)rojJriate  for those co)llmands.  Scllding
tile colllmallds  collsists  of callitlg  ‘J’cl I)rocedurcs  t h a t
iln~)lcullcllt the illtcl face to the relnote  site. “.1’hc inter-
face with the current  cxI)cril~lental rwltote  site [4] is
a  U1li  X SOCk(’t. ~O1lllll?Lll[l S alC d a t a  llaCkCt  S t h a t  COll-

sist of a com]naad  11) and data for tllc colnmalld.  For
cacll c<l]ntnal]d  t h a t  i s  dcfiIled ill t h e  r(,lllot~  site, a

llC1 ~)ro{cdure  is i]lll)lclllclltcd  ill C; that SCILCIS it. ‘J’llis
‘J’cl-relllote  illtel fact IIlust be ill)])lelnented for CaCII re-
mote sile. 2’lIC currcl)t  rmilote  site does not support
Scqucllcillg of lnulti)~lc colillnalids.  l’hcrefore,  scqucnc-
illg is  done ill tllc (;(~.$ a~ld itldividual  co~nll~ands  are
smlt to lIIC mnotc  sitf-,,

4 .2 .  Gra])hics  and Video Glibrat,ion

O]If window OII  t  lIe o{)erator)s coIIsole disl)lays

:L 3-(lilll(’lisic)ll:il  gral)llic  rc})rcselltatioll  o f  tllc mnotc
site, illcllldillg  tllc ro]x)t  arI1l, orljita]  rt:l)laccal~lc units
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}“igure  4: GCS interface  for tiiSk c:xccutiorl

(OItlJs)  and Slme Statio]l  truss nkockul).  ‘1’he graphic
d i s p l a y  i s  drivm] froll~ a llieral  cliical CAD m o d e l
database.  Tlic arm location is kcl)t culrellt with pe-
riodic  reports from tile mnotc site.

IJivc video frc)lll ally of several  video cameras at the
remote site is disl)layml  011 a scl)aratc  lllo~litor ill tile
CJCS c.o]tsolc. All interactive l)mgraln  that columalids
a video switch is used to select which calncra  video is
displaycxl.

Vicleo iluagcs  arc also cal)turml  frolll ally of tllc
cameras for disl)lay oll tile salllc  workstation that dis-
ldays tile 3-1) gral)llic  view. ‘J’hc actual capt,urc:  takes
l)lace at the rmnotc  site, uIIdcr control  of colll[llalids
f r o m  tllc GCS console, and tllc digitimd  images  a r c
tralmnittcd  back 10 tile GCS COIISOIC for display. ltacll
frozen ilnagc  is disl)layed ill a window which is tllc salnc
siz,c as the grap]lics  wiudow, fro)n wllicll olmator mea-
surements  Illay lJe lIIa(lc for video Calibration.

1]1 r e a l i s t i c  s{wnarios,  tllcre  will be crmls ill tile
]nodel database,  ei ther  froln clrors ill gcllclatillg  tllc
database or cllallgcs silict’  tile (Iatalmsc  was .g,[’llCliitC’(1.

F)ffective utilimtioll of video illlagfvi  mturl Le(l frolll t ILc

relllot( site allows tlI(I olmrator  to correct such errors
usiug video calibration [5]. Video calibration colisists
of two distinct I]ut si]llilar  c)lwratiolm:  camera calillra-
t i on  aILd object  local izatioli. ‘1’lle main GCX disl)lay
a~]pcalancc  is silnilal  for botll,  as s h o w n  in figure 5.
‘l’lie vi(lco image dis])lay  wi]lc!ow ap~)ears  WIICIL  the op
cratol selects  video C:ilil)l atioll  Itlodc under  tllc “GCX-
COTN’1  1{01,” button of tile video/graphics ]ncnlu that
is ill tllc far ul)l)cr  right  of tllc screml.

‘1’ILc  ca~llcr:L calil)ratioll  ~)roccss  is  necessary in
order  to  dctcr~llillc tllc corresl)ondellce  be tween  2-
diuiell:iional  i]lla~c’ locatio!ls  ill a  calnera  a u d  3-
dilllellsional  locations  ill tllc workspace. Whcm a cam-
era calil~ratioll  is initiate(l)  tile G(;S system guicles the
cq)(’rater tliroug,ll tilt> l)]OCCSS  of sclectiug  3-features
for wllic]l tllc locat io]ls ill 3-sl~ace  ale well-known, aud
Illeasu!illg  tile collc!sllolldilig  2-1) it[]agc locatio~m. The
o])mator  uses the I]IOIISIS  cursor  to dcsifylate  each fea-
t,urc!  ill tl]c 3-1) gral)l[ic disl)]ay  wiudow, aud then uses
tllc ]I)(,use  cursol  to IIIL’asure tile corrcsI)ondi~lg  2-I) iul-
a~e lo~ atio]l irl tllc vi[l(w illlagc’ (lis~)lay willdow. When
el]ougli 3-1) featur( I()(atioll to 2-1) image locatio~l data
s~’tjs li:Lve lwcli collccte(l (at I(,ast 7 sets), tile o p e r a -
t o r  collllllallds  tllc (;(~S systcl]l to con)])ute a calnera



1110(1(’1.

OIlcc calllcra  lJlodcls  l]ave l~cml detcrlnilled  for at
least  2 calnmas,  tllc Olwrat,or I[]ay lf)calize objects usitlg
a plOCC%S  silnilar  to tllc carrlcra calil)~atiollj  w]l~]~ 3.])
fcatums  01) tile ol}jcct of illtcrest and corlcslmlldillg  2-
1) illlagc poil]ts  am selected. l)ata is collcctcd  flc)m two
camera locatiol]s.  Wliell suflicic]lt l)oillts am Collcctm],
the operator coln]nalids  tile local imtiou data rcxluctio~),
alLd a least squares solutioli  is colfll)uted allcl aJ)l])ic!d
to the object ill the INodcl datal)asc,

GraljllictLl Illodcliug  and rcl)derillg  w a s  doue Lls-
ing the  ‘1’clcGl{ll’  l)roduct  frolll l)cl{eb l{obotics.  ‘J’l]c
v i d e o  calibr:itioll  was dcvclol)cd at .11’1,  [s] and illte-
gratccl into  ‘1’cleC;lill’  as l)art  ofa  coolmativc.N ASA
comlnercializatioll  t a s k .  ‘1’llcreforc,  tl[c xnodeliug  a]id
Kvlclerillg, including  tile vi(leo calibration, arc  all })art
of One 91clcGll  II) l)rocms ill tile curreIIt systmtL.  ‘J’hc
‘1’clcGRII’ l)rocess jwrforlns  all 3 - I )  gral)llics  dis])lay
alLcl video ilnage  disljlay,  a]ld ]llaiatai~ls alrrlost all o f
t]l~ CAI) I1lOdCI]  (littal)iis(~, , 11’1, (~]]ll:l[lccl]l(llts  to ~’elc-
C;RI1’  include  the video illlagc disl,lay  window, all video
calibratioli  fullctio[lality,  :LI)[I a llet~{ork  i~lt(’lfatcl  t h a t
a l l o w s  ‘1’el@GI{Jl’ to srlvi(c r((lll(sts  fro],,  Otllcl. ,~10.

ccsws, e.g., tlic KIio\\’ledge Base I’roccss.  The mCIIU
I}arth:,  t al)lm\rsill tllc far ~ll)~)cr liglltof flgures5allcl
4 is al.,o I)alt  of  tllc ‘JblcGRI1’ ~)rocess,  aucl ~)rovicles
ol)crator  colltml  of tllc! J]’],  clLlla!lce]ncuts,

4.3. Kllowlcxlgc  IIas[!  I ’ recess

‘I’IIcI <IIc)\vlcclgc ]Iase  I)mccss (Kll) is clcsigtlcd to
1}(’  tli(!ilC(’(’SS ])atll 10 111[’  ‘I’CIC’(; I{ II’ ~)1’OCCSS,  pxovicliu.g
bOt]l U~KlatC a n d  (Ill~r~ a(’C~SS tO tk! TdC~I~I1’  CAI)
model (Iatabasc. Ill addi t ion,  1<11 Inailltaius  an aug-
lllC1ltati OU dat~~JaS(’ foJ data t)lat  iS not  I’~~)lCSC1ltabk!
ill the ‘J’clcGl{l J’ CA]) ]Ilodel clatabasc,  and proviclcs
a coml JIa Ild charIrlel for Corltrol]itlg th[! gMeGI{II’  l)ro-
cess. Rll acts as a s!Ivcr, m])o]Lding to network rc-
qumts  flonl otll(,r ljroccwws.  ‘1’hc I<lJ process is ilnplc-
lucvltccl in ‘j’cl wit]l tll[, ‘1’cl-1)1’  extcl  Lsioll t o  l)rovidc
l]et,wolk  rmnote  I)m(e(lu]c  call cal)al)ility. A few JI’I,-
ad(lml c~m]tnallds  l)mvidc  tllc Ileccssary custoln  nct-
worli cc~llll]l~lllic:itiO1l wit])  tile ‘J’cIcG1{II) ~)roccxs.

4.4. ~’:wk Sw]u{!]~cing  and Simulation

‘1’11(  Scqll(wccl, ol, slmx,r and Collllllllllicatioll
lll{)dules  lLavc Iwrli {mll~l>il]rd  illt, o o]le module ,  called
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tll(’ S(YIUIYICC1, ill t,lic [l]rr(’llt illll)l[:l[l(,llt,atioli. Siul-
Illatioll is (Iollc  ill two \\’ilJ’S. WhclL  silIlulatillg colll-

lllilll(l S fol” tll(~ I(?ltl(jt(> sit(~, ,a siIllulatioll CO UIIIIa  IId i s

SC’111  t o  t,)I(~ rclllot,(~ sit(’ t o  I)ut, i t ,  i[lto silf)u]atioll IIlodc.

‘1’llt’lL tile  colll ItlalI(ls to h sill) ulatcd wc sc,ut to tllc rc-
lIlotc site slid executed,  l}ut illstcad  of control  lill,g tllc
real Ilia]lil)ulator,  tile joint  co]tl]ua[ids t]lat would  h a v e
bccli co]l]lualldNl to tllc lnanil)ul:Ltor arc  rciurned  t o
tllc local site and tllme arc used to update the graph-
ical simulation. When  simulatil]g  1)OSS comlnands,
tile colllll]allds  arc collvcrtcd  to equivalcmt  IGRIf  ’ com-
lI]aIlds and Sent to tllc ‘llelcGl{I1’  process directly. The
GCS operator intcrfacc  sllowillg tl]c task ~)rograln for
tile eddy Curre]lt  illsl)ectiol]  task is showu ill figure 4.
q’lic Cmllmallds  COIUIUI1 l)rovides comma]lcls  t h a t  an
olmator  cal L Choose  frcnn when constructing or edit-
ing a task I)ro.grain. ‘1’IIcI  second column provides task
progralus  whic]l have l)rcwiously  been built which the
o~)cratm can choose eitllcr to cxm.utc, or to insert into
another task program, or to select commalids  out of for
il~scrtiml into  another task prograln,  ‘1’hc  sclcctcd  task
progralu  or coln]nalld  is displayed in the third  cc)lumn.
‘1’he currcvlt task progra]u  is displayed ill the fourth col-
ulnn, Scqum Icc F.xccution. If the operator selects the
task lmogra]n  nalnc,  which is displayed iu the upper left
of the tllircl cc)lumll, then tllc whole task program is in-
serted  iuto tlLc current task program in the fourth col-
UIIIU. 7’1 Ic operator can also select specific comxnands
out of the third COIU]N]I  and pick “Insert Commands’>

and these sl)cciflc  co~nlnallds arc inserted into the cur-
rc~lt t~sk ~)rogram.  Columallds  ill the cuncnt task ~)ro-
gralu  call also lx: dclctcd  and the currmlt  task program
call bc saved with “s: Lvc-as” and given a u]lique name
or saved witiL “save”. “1’ilc next cmnlnand  to cxccutc
is highlighted aud tllc I[cxt command is sent  by sclcct-
in,g tllc “Send One” button. For a rcrnotc  site which
sul)l)orts  receiving  ll~~lltil)lccollllllallds,  the ‘{Send All”
bUttOll would bC USCd tO SCUd thC COlll@’tC SQ{lUCIIC.C.

Tllc Remote }+;xecution Queue is at the lower left of the
illtcrfacc  and illdicatcx  what command is executing at
tllc rel[lotesitcor “I{clnotc  Qucuciscnll)ty” WILCI1  Ilo
colllmalld  is runlling  at the rcluotc  site, or clisl)lays an
error  cmlditioll.

5. Rcnnotc 13xcxwtion  of an I n s p e c t i o n
Task

“1’hc  task program of figure 4 lwrforlns  tile eclcly
current sc]lsor task. l’his task was exccutcd  with the
remote site ill tllc JI>L Remote Surf am lnsl)cctioll  I,ab-
oratory iu I)uilditlg 198 aud the local site in tile Ground
Control  Statiou laboratory ill building 277. The com-
matlds  of the task pro.gralll  arc  described below.

I{cal : I’llts tllc r(lllotcsitc irl r(’al (Ixcclltioll [Ilodcas
ol)~mwl to sillllllate.

Activiltc : A(tivatcs  t)l(’ lclllotc robot

Move  Jo in t s  1’o $l,c:ft.l Iallclccl_Joi]~ts : MOVC tile
r(lllotc rolmt t o  slwcificd joir)t angles; a~lglcs arc
s~lccificd  as a ‘1’cl valiab]e.

Move T o  $St,agilig : YYlovc t o  a  sl)c,cificd fra~uc
which is sJwcifiwl  as a ~’cl variat)lc.

Move ‘I’o ed{ly_l~at,ll_al~~~roacl~  With F’orccs
$1 k c w . S p a c e .  Forces : h40ve to a Sl)ccified

fl~,mc; tllc flalllc  i s  sl)ccificd  a s  a  ‘l’cl sym-
bol “ccl(ly. }jatll-a~)l)rcjacll” and t h e  proccdurc
wi l l  s cc  tha t  tllc data  is  not  nulllcrical  and
clucry the knowledge  tmsc for tllc numerical val-
llc$. The rmllailliug  argu~ncllts  “With  F’OIWS

$1 ‘rcc.SI)acc-14’orccs’” arc cxecutcd  as a separate
col[l~nand w]lich sets the force control parameters
to the ~lu~ncrical value of the lcl varial-dc.

TOUCII  To [First  name Of cddy_patll  ]
With Forces $7’0uch_I,cvel..  Forces : Touch a
SUI face at a frame sJwcificd  by the ~lulncrical value
r e t  urmcd whml tllc ‘l’cl intcrprctcr cxecutcs  t h e
colnmand  “1’ilst ]Ii a~flc of cddy+ath. ” ‘1’hc SIU,
pl~ )ccdure for this colnmalld  querys  t hc kuowlcdgc
base for “eddy.~)ath”.

M o v e  A l o n g  edd-y.patl]  With Forces $Scan_Forces :
M(WC along “Cddy.~Hlth,  ” tllc data for which is rc-
tri(wcd fro)!] the kl]owlcdgc base.

Forces  $Ihpart.1’orces  : Set the force control pa-
raltletcrs  to thosr s})ccificd  by the l’cl variable.

Move ‘1’o eddy-path- depart  : hlovc to frame spcc-

ifiml by SIH, symbo] “cddy_I)ath_del)  art”

Forces $Frec-S1~ace.  Forces  : Set the force co~ltrol
pal ameters  to those sl)ccified by the Tcl variable.

Move ‘s’o $Staging : Move to frame sl)ccificd by Tcl
val iablc.

Deactivate : 1 )cactivatcs the rclllotc robot

Wrencl[-llisp]ay  }<11,1,  : Closes tllc wrcrlcll display.

6. Sinlulatic)]i  of tile DOSS Manipulator

‘1’h( DOSS ma]li~)ulator was Illodelcd  ill tllc I)cncb
IGI{II’  (nviron]ilc[lt  aJld call bC col[lIllaudcd with .$]/1,

colllmallds  and task progra]ns  as is s!lowll ill figllrc 6.
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U’igurc  6: GCS interface for 1)0SS si[i]ulatioll

q’lle figure also shows a comlnand  pauel  w]lich is used
to grmcratc  all S1{1, conllllaud.

7. Conclusions

A GrouIid C;olltrol Statio]l  for Nart}l-l,  ascd control
of the Dextmous  Orbital Scrvicil[g System (1)0SS) has
Imcm clmiguml aud a~[ initial  prototylm  h a s  km de-
vclopccl.  ‘1’he  systelti  has bcc]l used for laboratory cx-
peril ocnlts  usitlg a scve]l degree of frecdoln mauil)ulatcm
il~cluding an eddy currwllt  insprxtioll  task at a remote
location.  A co]nlllalldillg  Iallguagc  was deve]olml  based
upo]i tllc 1’001  ~oll~lnalld I,auguage  and video calibra-
tion was i~Lcorporatcd  i))to  the systml. Also, the 1)0SS
manil)ulator  was modeled  slid can hc colnlllandcxl iu
si~nulatioll. A llydrau]ic  silllulator  of the 1)0SS mallilJ-
rrlator at I,auglcy  ltcscarcll  CM\tcr will Im controlled
f r o m  tllc GCS at J] ’I. ill tile conlillg yea].  l’hc  GCS
systmo will bc f u r t h e r  elihauccxl iu tlLc coming year
with the goal of ilmtalli~lg the tcchuology  at Joli[lson
Space Ck’lltcr  for Ilsc ill tllc 1)OSS F]igllt  ‘1’est I’rogram.
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